ABSTRACT
INTRODUCTION
To improve the economy and standard of living of people far away from the main highway routes, the construction and maintenance of transport infrastructure (such as culverts and bridges) on rural feeder roads which connect rural areas to the main highways in Ghana is considered vital. Based on the use of locally available materials and labour, the use of timber for bridges of up to 20 metres span has been identified as being economical (Allotey, 1992; Jayanetti et al, 1999) .
Sustainable forest management that has been made a priority in Ghana, and the government is now actively pursuing the use of Lesser-UsedSpecies (LUS) and plantation species to reduce the pressure on the more popular timber species. The LUS occur in abundance in the forest (Ghartey 1989 , Jayanetti et al, 1999 , Upton and Attah 2003 . For the Department of Feeder Roads and Ghana Highways Authority to use the LUS for the construction of timber bridges, it is important that the wood species are identified, and their physical and technological characteristics determined and assessed to find out which of them has the potential of being used for timber bridges. This would involve undertaking studies on the physical properties, mechanical strength, machinability (or woodworking) properties and preservative treatability of the species.
The physical properties have been studied and reported in a companion paper (Ofori et al, 2009a) . Properties studied were green moisture content; basic density based on the oven-dry weight and green volume; shrinkage from the green to 12% moisture content and oven-dried state (in the axial, tangential, and radial directions of the trees).
For a study on the mechanical properties of the wood of high density LUS, tests on actual structural-sized timber is ideal but are not often used because of cost and unavailability of equipment. Small clear straight-grained specimens are used for determining fundamental mechanical properties (Green et al, (1999) . The method utilises small, clear, straight-grained test specimens which represent the maximum quality that can be obtained (BSI, 1957; ASTM, 1999) . The method remains valid for characterising new timbers and for the strict academic comparison of wood from different trees or different species.
The mechanical strength properties measured depend on the specific uses to which the timber is to be put. Timber is probably stressed in bending more than in any other mode and there are very many examples of timber being used in bending. Examples are when used as floor and ceiling joists and roof trusses. Shear strength parallel to the grain is the most important property that comes into play in the structural use of timber in jointing. High strength in compression parallel to the grain is required of timber used as columns, posts, and as notched timbers. Hardness is an important property when the timber is used for paving blocks, floors decking and bearing blocks. Resistance to crushing (or compression perpendicular to the grain) is an important property in a few selected end uses such as bearing blocks, bolted and notched timbers.
Tests which are very relevant to bridge construction applications are normally conducted in a primary testing programme. These would be tests to determine the static bending strengthmodulus of rupture (MOR) and modulus of elasticity (MOE), compression parallel to the grain (C//g), and shear strength parallel to the grain. Secondary tests which are designed to reflect the likely end-use of the wood species would include the Janka Indentation (or Hardness) test and/or compression perpendicular to the grain. These are characteristics more relevant to joinery applications. Compression perpendicular to grain strength is often not carried out but is computed from the side hardness of the timber since there is a very high correlation between the two properties (Lavers, 1983) . For wood at 12 per cent moisture content the correlation coefficient is 0.902 and the corresponding equation is y = 0.00147x + 1.103, where x is the hardness. For green wood the figures are 0.907 and y = 0.00137x -0.207. On the basis of the above equation the compression strength perpendicular to the grain, y, (in N/mm 2 ) is generally computed from the side hardness (in N) test results. This paper presents the study on the mechanical strength properties (static bending, shear, compression parallel to the grain and hardness) of the wood of 10 high density LUS.
MATERIALS AND METHODS

Materials
The wood samples for this study were obtained from the same logs that were used in the Part 1 of the companion study on the 'green moisture content, basic density and shrinkage characteristics ' (Ofori et al, 2009a) .
Conversion, Sampling and Air Drying
The logs were converted on a horizontal bandmill ('Woodmizer') to 27mm and 53mm thick boards. Some boards were cut for a previous study on Green Moisture Content, Basic Density, and Dimensional Shrinkage (Ofori et al, 2009a) . Other boards were cut for this mechanical strength study and another study on woodworking (planning, boring, mortising, sanding, turning, etc) . The 'green' test specimens (i.e. with the wood moisture content above fibre saturation point) for the mechanical strengths were cut to the sizes or dimensions and orientations required by the British Standard BS 373:1957 (BSI, 1957 and then kept in deep freezers pending the tests.
Boards for the 'dry' test samples for the mechanical testing and woodworking studies were dipped in an insecticide solution to prevent insect damage during drying. The boards were then stacked for air-drying under shed. After these boards were fully air-dried (to an equilibrium moisture content of between 14 and 17%), test specimens for the 'dry' test samples for the mechanical testing were dressed/prepared to the standard dimensions and orientations required by the British Standard BS 373:1957 and conditioned (at controlled temperature of 20 ± 3 o C and relative humidity of 65 ± 2 %) to about 12% moisture content.
RESULTS AND DISCUSSIONS
Physical
Moisture Content
Mechanical properties of wood are significantly affected by the moisture content of the specimen at the time of testing hence properties that are measured at different dry test moisture levels are adjusted to a standard moisture content base of 12% (Green et al, 1999) .
The final mean moisture contents of the dry specimens after conditioning to the target '12%' varied from 11.9% (Celtis zenkeri) to 13.5% (Kaku). These final mean moisture contents were used in adjusting the dry mechanical values of the specimens to the standard mechanical strength at 12% moisture content.
Density
The densities of the dry and green specimens are shown in Table 1 . The density values given in the table represent only the specimens tested, and does not necessarily represent the estimated average clear wood density of the species. Density at '12%' moisture content varied from a mean low of 663 kg/m 3 (for Dahoma) to a mean high of 1047 kg/m 3 (for Kaku). Similarly, the green basic density varied from a mean low of 550~557 kg/m 3 (for Wawabima/Dahoma) to a mean high of 839 kg/m 3 (for Kaku).
Mechanical Properties
Variability in Strength Properties of Wood
The strength property of wood species is known to vary widely. Some indication of the spread of property values is therefore desirable (Green et al, (1999) . The strength property is statistically normally distributed, with mean f mean and standard deviation  n-1 (Sunley, 1968; Ocloo, 1985; CEN, 2002) . Ideally, the weakest strength value for a species should be used, but in practice a 'characteristic strength' is given. The European standard EN 12511 (CEN, 2002) for determining the characteristic value uses the 5% point of exclusion for the mean bending strength of the test specimens. For the mechanical strength property of small clear specimens, statistically, this reduced characteristic strength value at the 5% point of exclusion is:
where f mean = Mean, and 
Formulae for Calculating the Strength Values
The formulae used in calculating the strength values from the test data were those given in the British Standards BS 373: 1957 (BSI, 1957 which was followed in the test program of this study. The bending strength (modulus of rupture, MOR) and stiffness (Modulus of Elasticity, MOE) were computed using the three-point loading equations. Tables 2 to 6 give summaries of the statistics of the Modulus of Rupture, Modulus of Elasticity, Compression parallel to grain, Shear parallel to grain, and Hardness values for the 10 LUS in the 'green' and 12% moisture conditions.
Strength Values
Mechanical Strength
The static bending strength values of the timbers when 'green' and at 12% moisture content are shown in Tables 2 and 3 The numeric values from Upton and Attah (2003) are based mainly on information in Bolza and Keating (1972) where the data had been grouped to enable gross differences in adequacy of sampling to be accommodated, thus avoiding the false impression of precision when absolute values for properties are published without the appropriate variability statistics (Bolza and Keating, 1972) . This study, which results give the appropriate variability statistics, however, shows MOE at 12% moisture content to be 'High' in Kaku and Ananta; 'Medium' in Afina, Celtis mildbraedii, Kusia and Celtis zenkeri; and 'Low/Medium' in Dahoma, Danta, Wawabima, and Essia.
Ratio of Dry to Green 'Clear' Mechanical Strength Values
Many of the mechanical strength properties are affected by changes in moisture content below the fibre saturation point. Generally, most of the strength properties increase as wood is dried. Above the fibre saturation point, most of the mechanical properties are not affected by change in moisture content. Table 8 shows the ratios of the mechanical strength at 12% moisture content to that when 'green' for the species studied, and the comparative range ratios for USA hardwoods (ASTM, 1978) . Ratios for the Ghanaian hardwoods were generally highest in Compression parallel to grain, followed by Shear parallel to grain, MOR, and Hardness; and least in MOE. Mean ratios of dry to 'green' MOR and MOE were 1.43 and 1.28. The ratios for the Ghanaian hardwoods were generally lower than the hardwoods of USA origin. It is apparent that the mechanical strength increases associated with drying small clear specimens from the green condition to 12 percent moisture content were generally greatest in Wawabima and Afina and least in Kusia.
Ghana J. Forestry, Vol. 25, 2009 83 Tables 9a and 9b for the green and dry conditions respectively. There was a good correlation (84.4 ~ 98.2%) between the Density and the various mechanical strength values. Density (X) and mechanical strength (Y) were highly correlated at 91.1 ~ 97.3% for 'green' wood and 84.4 ~ 98.2% for wood dried to 12% moisture content. The ratios of the 'green' mechanical strength to basic density were highest in Kaku, and least in Wawabima and Essia.
Functional
Relationships Between Mechanical Strength Properties and Density
The density of wood is a good index of its properties as long as the wood is clear, straight grained, and free from defects. However, density values are also affected by the presence of gums, resins, and extractives which add to their weight and contribute little to mechanical strength properties (Lavers, 1983; Green et al, 1999) .
Approximate relationships between various mechanical strength properties and density for clear straight-grained wood of hardwoods and softwoods are in the form of power functions such as: Y = aX b . These relationships are based on average values for many softwood and hardwood species, and the average data vary around the relationships, so that the relationships do not accurately predict individual average species values or an individual specimen value. In fact, mechanical strength properties within a species tend to be linearly, rather than curvilinearly related to density; where data are available for individual species, linear analysis is suggested (Green et al, 1999) . Figures 1a and 1b show the functional relationships between the mechanical strength properties and the density of the ten Ghanaian hardwood species. Regression equations (Table  10) 
